The production of trans-cinnamic acid from various alkylbenzenes by soil microorganisms was studied intensively by use of a co-oxidation technique. The microorganisms were grown on n-paraffins, and they did not use aromatic compounds as a carbon source when the preferred substrate was present in the medium. The effects of cell population, co-oxidation time, and type and mode of addition of the alkylbenzenes on the yield of trans-cinnamic acid were investigated. Yields (5 g/liter) of a product consisting of trans-cinnamic acid (88 to 100%) and 5-phenylvaleric acid (0 to 12%) were obtained when the proper conditions were chosen. Of a variety of microorganisms studied, a soil isolate closely related to Cellulomonas galba was found to be best for the production of trans-cinnamic acid.
The production of cinnamic acid from phenylalanine by strains of Rhodotorula was recently reported by Ogata, Uchiyama, and Yamada (7) . Davis and Raymond (1) and Webley, Duff, and Farmer (12, 13) found cinnamic acid among the products of the oxidation of alkylated aromatic hydrocarbons by various species of Nocardia and Pseudomonas. Of special interest is the observation made by Davis and Raymond (1) that the type and size of the n-alkyl side chain had a profound effect on the yield and character of the products. When the alkyl chain contained an even number of carbon atoms, the end product of the oxidation was phenylacetic acid, whereas either cinnamic or benzoic acid was isolated from aromatic hydrocarbons having odd-carbon side chains as substrates. The microorganism studied most extensively, a Nocardia, was unable to use short chain alkylbenzenes (C4 or smaller) for growth but was capable of oxidizing these alkylbenzenes in the presence of a more favorable growth substrate (e.g., an n-alkane). Alkylbenzenes with longer side chains, however, did support growth.
We have obtained a number of microorganisms which are capable of producing high yields of trans-cinnamic acid from odd-carbon alkylbenzenes, especially from n-amylbenzene (J. D 3, 301, 766, 1967) . The best of these microorganisms, a soil isolate closely related to Cellulomonasgalba, afforded up to 5 g/liter of trans-cinnamic acid at nearly 100% conversion. In some experiments, 2 to 3% of 5-phenylvaleric acid, which appears to be a precursor of trans-cinnamic acid, was also isolated. Because of the commercial importance of trans-cinnamic acid, we undertook a study of the microbial synthesis in some detail to develop an industrial process. This paper describes experiments which define some of the basic parameters which have a considerable influence on the types and yields of the products.
To maximize the conversion of relatively expensive alkylbenzenes to trans-cinnamic acid,. the co-oxidation method (5, 6, 10) was employed. The microorganisms were grown first on nparaffins and then were contacted with the alkylbenzenes. As (Table 1) . Unless otherwise stated, all results of this study were obtained with C. galba. The microorganisms were cultured in a basal salts medium containing the following salts: KH2PO4, 5 g; (NH4)2HP04, 10 g; Na2SO4, 0.5 g; MgSO4-7H20, 0.4 g; FeSO4-7H20, 0.02 g; MnSO4*4H20, 0.02 g; NaCl, 0.02 g; and 1,000 ml of tap water. Cultures were preserved on slants containing the basal salts medium plus 1.5% agar. A strip of sterile filter paper impregnated with n-hexadecane was suspended in each tube to provide a carbon source.
Culture conditions. Vegetative inocula were prepared from slants in 500-ml Erlenmeyer flasks containing 100 ml of the sterile basal salts medium and 2 ml of sterile n-hexadecane. The cultures were agitated as described below for 18 or 48 hr.
The oxidations were carried out by the co-oxidation technique (5, 6, 10) in 500-ml baffled Erlenmeyer flasks containing 100 ml of mineral salts medium with 2 to 5% of n-hexadecane as the carbon source. Two to eight ml of 18-hr vegetative inoculum was added to each flask, and the cultures were agitated for various lengths of time at 30 C on a model G-25 gyratory shaker (New Brunswick Scientific Co., New Brunswick, N.J.) at 300 rev/min. Following this initial growth period, additional quantities of n-hexadecane and various amounts of the alkylbenzene were added aseptically, and the agitation was continued for periods ranging from 24 to 96 hr. During this second interval (termed the "co-oxidation" period), care was taken to insure the presence of n-hexadecane in the culture medium at all times. This was verified by extracting a sample of the broth with benzene, and analyzing this sample for n-hexadecane by gas ,chromatography. The initial pH of the medium was 7.8, whereas the final pH varied from 6.2 to 5.8.
Separate experiments were conducted to determine whether the microorganisms were capable of using the alkylbenzenes for growth. These experiments were carried out as described above except that the alkylbenzenes were added initially, in place of the n-hexadecane, so that they provided the sole source of carbon for cell growth. After 72 hr, the cells were removed and the products and unreacted hydrocarbons were isolated and analyzed as described below. Considerable cell growth was observed, but only trace amounts of aromatic acids were isolated.
Isolation and identification of products. The whole culture broths were rendered basic (pH 9 to 10) by the addition of NaOH, and the broths were extracted with ether to remove unreacted hydrocarbons. The aromatic acids were isolated by acidifying (pH 2 to 3) the aqueous layer and extracting with ether. Gas chromatography, by use of a model 154 vapor fractometer (Perkin-Elmer Corp., Norwalk, Conn.) having a 4-m silicone-grease column, was used to analyze neutral ether extracts for both unreacted n-hexadecane and alkylbenzenes. The acidic ether extracts were dried over MgSO4, and the solvent was removed in vacuo. The residues were analyzed by infrared spectrometry, mass spectrometry, and thinlayer chromatography. The trans-cinnamic acid, which amounted to 88 to 100%c of the product, was easily identified by comparison of its infrared spectrum and RF values in thin-layer chromatography (3) with those values of an authentic sample. The product also exhibited a parent peak at 148 (in the mass spectrometer) and the correct cracking pattern for cinnamic acid. The other compound present (O to 12%) showed a parent peak at 178 mass units and a cracking pattern characteristic of 5-phenylvaleric acid.
Cell weight determinations. Separate experiments were conducted to determine the cell growth of the organism for different lengths of time and under various conditions. Duplicate 5-ml samples of the vigorously agitated culture were extracted twice with 5-ml portions of benzene to remove unreacted hydrocarbons; these samples were then centrifuged in tared centrifuge tubes. The recovered cells were washed twice with 5-ml portions of water, centrifuged again, and the water was decanted. The tubes were dried at 120 C for 2 hr and were cooled in a desiccator before weighing. The duplicate determinations, which usually agreed to within 5%, were averaged.
RESULTS AND DISCUSSION
The specificity with which microorganisms oxidize hydrocarbons and the multiplicity of pathways at their disposal was pointed out by Humphrey (5) 16, 1968 only phenylacetic acid from the same substrate. Recently, Raymond, Jamison, and Hudson studied the oxidation of methylated aromatic hydrocarbons by Nocardia (10). They observed a considerable variation among strains in their ability to oxidize the aromatic substrates. Thus, by proper choice of microorganisms and culture conditions, it appears practical to perform, in high yield, a large number of partial oxidations which are very difficult to achieve by purely chemical means.
The strain of C. galba utlized in our studies was remarkable for its ability to convert n-amylbenzene to trans-cinnamic acid in high selectivity. Of a number of organisms screened for this purpose, C. galba was clearly superior (Table 1 (1) that the mechanism of microbial attack on alkylbenzenes involves c-oxidation of the side chain followed by classical 3-oxidation.
Effects of cell population and co-oxidation time.
The importance of having a high cell population present before addition of the alkylbenzene is apparent from Fig. 1 extending the growth period to 48 hr or longer. The effect of culture age on cinnamic acid production has not been studied in detail. However, no change in the ability of the organism to effect the oxidation was noted, at least up to 144 hr of total fermentation time. This is indicated by the linearity of the curves in Fig. 2 . It appears that very young inoculum, derived from slants, is somewhat less effective in oxidizing alkylbenzenes than the 18-or 48-hr vegetative inoculum. C. galba builds up the cinnamic acid concentration slowly (Fig. 2) . As a result, rather long cooxidation periods are required for efficient production. It is interesting to note the breaks in the curves of Fig. 2 where vegetative inoculum was employed. This may be due to the establishment of some sort of equilibrium in the population or condition of the cultures. This situation would be expected to occur most rapidly with the largest initial inocula as was actually observed.
No such break was observed when the cultures were inoculated from slants. An alternate explanation is that high concentrations of cinnamic acid in the medium may inhibit further oxidation. The fact that the breaks in the two upper curves of Fig. 2 occur at about the same concentration of cinnamic acid supports this view.
There is no evidence that C. galba can utilize trans-cinnamic acid for growth, at least when n-alkane is present in the medium. This was verified for co-oxidation periods of up to 72 hr in duration (120 hr total incubation time). This is a fortunate circumstance from an economic standpoint since very high yields can be realized without the need for isolating the product rapidly to prevent any further decomposition. It is interesting to note that Cellulomonas differs from the nocardias of Davis and Raymond in this respect. These investigators found that their cultures were able to utilize cinnamic acid, and, in fact, all cyclic acids with an odd number of carbons in the alkyl portion of the molecule for growth; even-numbered acids, however, were not utilized (1). Oxidation of -mixed aromatic substrates. In addition to n-amylbenzene, a mixture of alkylbenzenes whose side chains contained odd numbers of carbons (ranging from C3 to C9) was investigated. This was done because of the economic incentive for the use of the less expensive, mixed substrate at the production level. However, although the microorganisms employed, C. galba and Pseudomonas pseudomaleii, attacked the mixture, they yielded considerably less transcinnamic acid than did pure n-amylbenzene (Table 2 ). The reason for this discrepancy is not known with certainty. However, the mixed aromatics were oxidized more slowly, suggesting that adaptation to utilize the hydrocarbons for growth may have occurred during the longer incubation period.
Importance of the co-oxidation technique. The data given in Table 3 demonstrate the usefulness of the co-oxidation method for the production of trans-cinnamic acid from n-amylbenzene. In cases where the preferred growth substrate, n-hexadecane, was present, the n-amylbenzene was converted to aromatic acids in up to 100% yield. There was no evidence that either the alkylbenzenes or the aromatic acids were utilized by the microorganisms for growth. When the organism was exposed to the aromatic hydrocarbon initially and no n-hexadecane was present, adaptation occurred and most of the n-amylbenzene was utilized for growth since it was the only carbon source present. Consequently, it was advisable to add additional n-hexadecane throughout the long co-oxidation stage to insure the continued presence of the preferred growth substrate. There were also indications that better results are obtained by continuous addition of the alkylbenzene during co-oxidation rather than as a single initial charge. Continuous addition of alkylbenzene minimizes the likelihood of adaptation to the co-oxidant as a carbon source for cell proliferation. By use of such techniques as these, optimal use may be made of the relatively expensive alkylbenzenes, and virtually quantative yields of transcinnamic acid (and, possibly, phenylalkanoic acids such as 5-phenylvaleric acid) can be achieved.
Co-oxidation is a potentially valuable techniquefor commercial syntheses and its utility has been recognized only recently (5, 10; Douros and Frankenfeld, U.S. Patent 3,301,766, 1967) . The combination of an aliphatic growth substrate and an aromatic co-oxidant seems to be especially promising from both technical and commercial standpoints. Many microorganisms appear to be capable of oxidizing both types of hydrocarbons. However, different enzyme systems are responsible, and these systems are usually inducible (5, 11) . In addition, the oxygenases which are responsible for aromatic ring splitting (2, 4, 11) apparently require a Fe+ ion (4, 5, 9) . Thus, by proper control of trace elements and mode of addition, it is feasible to induce an enzyme system which readily attacks the aliphatic portion of the molecule but leaves the aromatic ring intact. C. galba also possesses an inducible enzyme system for ring splitting, as was demonstrated in the experiments described above in which alkylbenzene was the only carbon source present. However, the induction period for such a system is sufficiently long to permit the isolation of the desired aromatic acid in high yield under conditions of co-oxidation.
